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Possible striking signals for a quark–gluon plasma at RHIC
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Abstract. We believe that one can have serious reservations as to whether heavy ion collisions
(e.g. 100 GeV/n Au + 100 GeV/n Au) can lead to thermal and chemical equilibrium over large
regions (particularly if it is assumed that this happens whenever QGP is produced at RHIC—that
is, if it is produced).

It is at present not clear that the collision dynamics and times available will lead to this. An
alternative scenario has been proposed by Van Hove where localized-in-rapidity bubbles of plasma
may well be more probable, and may well occur at least some of the time, and some of the time
mainly survive to the final state. We have developed a series of event generators to extend and
describe these phenomena. A Van Hove-type (Van Hove L 1983 Z. Phys. C 21 93–8; 1984 Report
CERN-TH 3924; 1987 Nucl. Phys. A 46) spherical bubble at η = 0 is embedded in a reasonable
event generator in qualitative agreement with Hijing etc (Wang X N and Gyulassy M 1991 Phys.
Rev. D 44 3501; 1992 Phys. Rev. D 45 844; 1994 Comput. Phys. Commun. 83 307). The plasma
bubble hadronized at a temperature of 170 MeV according to the model developed by Koch et al
(Koch P, Müller B and Rafelski J 1986 Phys. Rev. 142 167). The amount of available energy
assumed in the bubble is selected as that in a small central circular cross section of radius ≈1.3 fm
or ≈2.5 fm in 100 GeV/n Au + Au central events. The results predict (with the assumptions stated,
possible) striking signals which may allow strong evidence for a QGP which cannot be explained
by alternative conventional physics arguments, and thus may be crucial elements in establishing
a QGP. We are also applying these techniques to investigating Kharzeev and Pisarski bubbles of
metastable vacua with odd CP.

1. Introduction

For two decades there has been considerable interest in the possibility that at sufficiently
high temperatures or baryon density one or more phase transitions will lead to formation of
a quark–gluon plasma (QGP) characterized by deconfinement, and perhaps chiral symmetry
restoration [1, 2] Very-high-energy heavy ion collisions was the community consensus as the
best hope of forming a QGP and this led to RHIC [3] with its up to 100 GeV/nucleon Au
colliding with 100 GeV/nucleon Au colliding beam accelerator. The central region of central
events is considered as the most likely source of QGP production.

RHIC is expected to begin to provide experimental data in 2000. Therefore it is timely
to ask whether some striking signals could possibly be generated and detected which would
provide very strong evidence, hopefully convincing, for a QGP.

Of course, it may be that QCD is not correct in this new energy domain, or that lattice gauge
calculations and phenomenological models used to predict the formation and characteristics
of a QGP are not applicable to the real dynamical situation.
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2. Formation of a QGP

The first question one must address is whether, even if present ideas on the conditions necessary
for formation of a QGP are approximately correct, the actual dynamical situation at RHIC
would allow it to be achieved, and if so how.

From the early days of RHIC planning we have had serious reservations about this [4].
Although many theoretical calculations assume that central collisions of heavy ions can
be described by employing local thermodynamic and chemical equilibrium which adjusts
adiabatically as the collision zone develops in space and time, one can have serious reservations
as to whether the collision dynamics allow, and whether sufficient time exists for, reaching
such overall thermodynamic and chemical equilibrium.

A second approach has been to recognize that it is unlikely that thermalized conditions
can describe the whole collision dynamics, in particular the phase transition itself, and thus if
new phenomena (QGP etc) occur, they form under inherently nonequilibrium conditions. This
scenario has been suggested and strongly emphasized by Van Hove [5, 6].

Van Hove’s scenario would lead to local droplets of QGP if QGP is formed. As the droplets
expand they could in some cases separate into smaller droplets. It is expected that these QGP
droplets could hadronize by deflagration since this appears to be the more likely of the two
possible explosive phenomena as it is favoured by entropy considerations [5–7].

It should be noted that these nonequilibrium treatments have assumed that the chemical
potential is zero (i.e. baryon number B ≈ 0) and thus are directly applicable to the central
region. At RHIC 100 GeV/n Au + Au central events are expected to have B close enough
to zero for our calculational purposes, especially in the QGP bubbles. It is expected that
the central region at RHIC will have B ≈ 0; however, Van Hove’s approach may even be
qualitatively correct for the behaviour of plasma droplets originally formed in baryon-dense
regions, since they rely mainly on the existence of a large amount of latent heat and latent
entropy in the phase transition, conditions which also apply to baryon-dense regions.

If plasma droplets (possibly after breaking up into two or more droplets) hadronize by
deflagration, Van Hove’s scenario concluded that the resulting distribution of hadrons should
show maxima approximately at the rapidities of the droplets. The expected width of the
maxima was estimated to be ∼1 rapidity unit and have angular distributions characteristic of a
deflagration occurring in the plasma droplets. He also expected the generally expected plasma
signals such as enhanced strange and multistrange particles, enhanced antiparticles, enhanced
lepton pair production, etc.

If QGP is formed it may be easier to conceive of Van Hove’s local droplet scenario
occurring since the long times required for overall thermodynamic and chemical equilibrium
to be attained may not be attainable.

If bubbles in the Van Hove sense are not created, the techniques described in this paper will
still be applicable if, localized in rapidity regions, chunks of QGP are created by any mechanism
and the hadronic signals from them are not too degraded by subsequent interactions. Of course,
if many droplets (or chunks of rapidity-localized QGP) are formed over large regions one might
approximate this situation by assuming thermodynamic and chemical equilibrium over a large
region. It should also be noted, as we will be discussing, that the droplets (or rapidity-localized)
chunks of QGP will be expected to generate very striking signals which are detectable and
could provide convincing evidence for a QGP.

In this regard one should note that a bubble or rapidity-localized region in QGP will be
surrounded by non-QGP background, and thus allow a comparison of QGP and non-QGP
backgrounds in the same event. This is a potent way to possibly establish a QGP. One should
also note that these bubble-like events only need to happen and their characteristics survive
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some of the time (even rarely) provided they yield sufficient statistics in order to provide
powerful evidence for a QGP.

3. Event generation

One must use an event generator suitable for estimating the non-plasma events, and as a second
step embed the plasma bubbles formation and deflagration, and compare plasma regions in
the event with the non-plasma regions, and then also compare non-plasma events with the
plasma events to determine the detectability of plasma bubbles, and whether they would be
striking enough to at least provide credible evidence for plasma formation, or hopefully even
convincing evidence for a QGP.

4. RHIC::EVENT—a non-plasma generator

The geometry of the A–A collision is taken into account by populating nucleons in the target
and the projectile systems according to a Woods–Saxon distribution. The nucleons have a
Gaussian distribution of Fermi momentum with a small σ of 200 MeV/c. The nucleons are
off the mass shell, with an average binding energy of 8 MeV. A collision interaction between a
projectile and target nucleon occurs when the distance of closest approach is less than

√
σ/π

with σ = 33 mb: this is 1.025 fermi—the approximate size of the proton. The centre of mass
system of the N–N collision is used.

ISAJET [8], an event generator for high-energy N–N interactions, has been successful in
explaining these interactions, and is therefore used as the basis for building RHIC::EVENT.
A high-energy nucleus + nucleus (i.e. A + A) collision is represented as resulting from a series
of nucleon–nucleon collisions but taking into account that after a nucleon suffers a collision it
becomes a forward-going diquark.

The MINBIAS routine of ISAJET is based on inclusive high-energy N–N interactions
forming multi-pomeron chains, with each chain fragmenting according to the Field–Feynman
algorithm [9].

MINBIAS is used to compute the energy loss of the colliding nucleons and the produced
particles. Unlike earlier event generators based on ISAJET (i.e. HIJET [10]), instead of using
the leading baryon for the diquark for the next collision, RHIC::EVENT sums the momentum
of the particles produced by MINBIAS that one wants to associate with the diquark cluster and
does not allow the leading diquark to change flavours. It is assumed that the forward-going
diquark cluster forms the fragmentation region. The larger the cluster size and momentum the
more RHIC::EVENT creates nuclear transparency. This algorithm can generate a very nice
flat central region plateau for RHIC energies, flat over ≈5 units of rapidity.

A popular event generator, HIJING [11], is a Monte Carlo model which combines
Fritiof [12] for soft beam jet fragmentation, and Pythias [13] for semi-hard mini-jet physics [14].
Gyulassy [14] shows (in his figure 1) that HIJING reasonably represents the number of
charged particles per unit y or η as a function of y or η for central (i.e. very high
multiplicity) events. When HIJING is applied to 100 GeV/nucleon Au colliding with
100 GeV/nucleon Au Gyulassy shows that for ‘central events’ at RHIC (his figure 1) a
flat plateau is formed centred around midrapidity or η and extends (∼20% from the peak
value) for a total of approximately four y or η units, and thus is qualitatively in agreement
with the results of our RHIC::EVENT generator with leading cluster equal to only the
diquark. Gyulassy points out that HIJING results are similar to those obtained with other
models [12–19].
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It should be noted that uncertainty originates from the poorly known early evolution of the
mini-jet plasma, and this affects the height of the plateau in the calculations of Gyulassy [14].
Computing the early evolution of the colour fields more reliably will allow better estimation
of the plateau height.

5. RHIC::PLASMA—a spherical plasma bubble generator

Plasma formation and decay is a very uncertain process and our first model of this phenomenon
is based on the work of Van Hove [5, 6]. Van Hove’s model predicted that the deconfinement
transition is described in terms of formation of QCD strings in the expanding plasma. These
strings in the plasma are stopped from expanding because of string tension, and because of
string breaking, droplets or bubbles are formed. These bubbles hadronize by deflagration at
the phase transition through their outer surface by ejection of low-pressure hadron gas with
velocities associated with the critical temperature. This process creates a rapidity distribution
dn/dy or a pseudorapidity distribution dn/dη of hadrons with isolated maxima of width δy
or δη ∼ 1, or in our case high bumpy regions ∼2 units of rapidity wide on an event-by-event
basis.

The generator RHIC::PLASMA takes the regular RHIC::EVENT generation and
Van Hove-type [5,6] spherical plasma bubbles generated by a regional tagging scheme which
takes particles from the intial RHIC::EVENT collisions and converts their energy and baryon
number to a plasma bubble. The tagging region is defined as a circular cross sectional area
located within the centre of the overlap region with radiusRtag. Each region is then subdivided
in phase space by a longitudinal momentum cut (three bubbles can be defined in the present
code). The bubble has an initial energy and baryon number, where its rest frame is given by the
total momentum–energy four-vector of the sum of the tagged particles that make up the bubble.
The thermal dynamics of the bubble is generated in accord with the model of Koch et al [20].
Initially the tagged volume is used to define the chemical potential and thus the quark and
gluon populations for a plasma sitting at its critical temperature. Koch et al [20] worked out
these equations up to a temperature of 170 MeV. We expand the volume until we get a self-
consistent condition that satisfies energy and baryon number between the tagged particles and
the plasma bubble. This self-consistent condition is equal to the number of quarks, antiquarks
and gluons (NqNq̄Ng). Ns and Ns̄ are the strange quark and antiquark numbers where Nq and
Nq̄ are the light quarks (u, d). When hadronization takes place gluons fragment into quarks
and antiquarks leading to an effective number given by Ñq = Nq + fqNg; Ñq̄ = Nq̄ + fqNg;
Ñs = Ns + fsNg; Ñs̄ = Ns̄ + fsNg , where fq = gluon fragmentation function for u and
d quarks and fs = gluon fragmentation function for s quarks. The average numbers of each
particle produced with a Boltzmann distribution corresponding to the critical temperature are
Nπ = αÑqÑq̄ , NK = αÑqÑs̄ , Nφ = αÑsÑs̄ , Nn = 1

3!βÑqÑqÑq , Nn̄ = 1
3!βÑq̄Ñq̄ Ñq̄ , N� =

1
2!βÑqÑqÑs ,N�̄ = 1

2!βÑq̄Ñq̄ Ñs̄ ,N� = 1
2!βÑqÑsÑs ,N�̄ = 1

2!βÑq̄Ñs̄Ñs̄ ,N� = 1
3!βÑsÑsÑs ,

N�̄ = 1
3!βÑs̄Ñs̄ Ñs̄ . α and β are given by

α = 4Q1

(3Q2
1 + Q2

2)
; (1)

β = 8

(3Q2
1 + Q2

2)
; (2)

whereQ1 = Ñq+Ñq̄+Ñs+Ñs̄ andQ2 = Ñq−Ñq̄ . These equations ensure that baryon number
is conserved and that particles are formed randomly out of the particle densities. The above
particles are then generated with a Boltzmann distribution of 170 MeV temperature spherically
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in phase space. The spherical distribution creates a bump in rapidity or pseudorapidity of the
type that Van Hove [5, 6] predicted. However, the width of the bumps is about 2 units. The
geometry of the expansion of the plasma bubble or fireball is dependent on QCD and the
collision dynamics. Other cases will be considered subsequently.

6. RHIC::LANDAU

Although we have so far considered spherical bubbles, any reasonable bubble shape can be
incorporated in our plasma generator. There is a one-to-one correspondence between the
bubble shape assumed and the effect on the rapidity distribution and structure in it caused by
the bubble. Given a particular observed rapidity distribution, assumed to be due to plasma
bubble formation, we can also deduce general characteristics of the shape of the plasma regions.
For example, the shapes of three other localized-in-rapidity QGP regions (or bubble shapes)
are treated below.

The decision as to whether to attribute an experimentally observed bubble-like
phenomenon to plasma formation will depend on the behaviour and the correlation of the
various possible plasma signals associated with it (some of which are shown in the figures),
other characteristics of the data, all facts known at the time and, very importantly, the lack of
any viable conventional physics alternative.

In particle and nuclear physics the fireballs (not in any way shown to contain QGP) that
have been observed, have an additional one-dimensional or longitudinal expansion left over
from their production mechanism (Landau fireball [21]). The program RHIC::LANDAU takes
the regular RHIC::PLASMA program and replaces the spherical expansion of a QGP bubble
with an expansion that is consistent with thermal fits done on SS collisions at 200 GeV/c per
nucleon incident on a target [22]. The width of the rapidity peak distribution changes from
a two-unit spread to a four-unit spread, where 50% of the tagged energy goes into particle
production and 50% goes into longitudinal expansion. In the language of Van Hove, the string
stopping due to breaking is not complete, so that longitudinal expansion is left in the individual
strings or bubbles.

7. RHIC::SMOKE

The plasma bubbles that we have generated give structure to the rapidity or pseudorapidity
spectrum of the produced particles. This structure is directly related to the geometry of the
expansion. The geometry which has been observed in experiments is the elliptical expansion of
the Landau fireball; however, sharp structure in pseudorapidity has been observed in cosmic ray
experiments [23]. We can make our plasma bubbles produce sharp structures by changing an
elliptical or watermelon shape to a flat or pancake shape. We do this only as a phenomenological
manipulation of our code. The end process is a ring of particles emitted at a fixed angle to the
beam axis much like an expanding smoke ring. Since these particles have nearly fixed angle
they lead to sharp pseudorapidity bumps of the intermittent type seen in cosmic ray data [23].

8. RHIC::CHIRAL

Another novel event structure seen in cosmic ray data [24] is the so-called ‘centaurolike’
and ‘anti-centaurolike’ fluctuations of charged and neutral particles. A proposed explanation
of these events relies on a chiral phase transition. Rajagopal and Wilczek [25] proposed a
‘quench’ scenario in which the hadronic condensate after a phase transition is initially chirally
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symmetric, but its evolution is taken to follow classical equations of motion at zero temperature.
The nonequilibrium dynamics of the chiral transition (using a linear σ model to describe the
collective chiral behaviour) in relativistic heavy ion collisions yields large disoriented chiral
condensates. These disoriented chiral condensates lead to the non-Poisson distribution of the
‘centaurolike’ and the ‘anti-centaurolike’ events. The probability distribution of neutral pions
P(R3)†, where R3 = N

π0

(Nπ+ +N
π0 +Nπ−) , is equal to P(R3) = 1√

R3
. In contrast, typical hadronic

collisions produce a binomial distribution of R3 peaked at the isospin symmetric value of 1
3 .

RHIC::CHIRAL generates the above-like structures using the RHIC::PLASMA bubble
code but making the bubble hadronize into a 70 MeV temperature pion gas with aR3 distribution
chosen to be that of the disoriented chiral condensate model. In a given Au–Au event each
bubble has an independent R3.

It is obvious that there is a relationship between structures in the rapidity distribution and
the geometry of the plasma bubbles which cause them. Thus if a certain type of structure is
observed in future experiments, this will infer the geometry characteristics of the bubble region
(or whatever) that caused it.

9. Event generation and detection

We believe that the STAR detector [26], for example, is suitable for investigating our
predictions. Any statements about STAR are our own estimates (also based on estimates
of others) merely used for comparison to our prediction purposes, and should, therefore, be
taken as approximations.

The high multiplicity expected in STAR central (and some non-central) events coupled
with the almost complete solid angle coverage over a substantial central rapidity range for
100 GeV/nucleon Au on Au down to p + p collisions opens up the possibility of observing
single events well enough to decide whether equilibrium, nonequilibrium or strikingly different
events occur individually. This eliminates the possibility of false conclusions being drawn in
inclusive studies which may average over events in such a fashion as to eliminate their most
striking and important characteristics. This could be a crucial element in establishing that a
QGP is produced at RHIC or observing other new phenomena which may even violate QCD.

The availability of as full a solid angle particle identification as practical over a substantial
particle momentum range will be of considerable aid in this program.

We believe that the study of single events on an event-by-event basis is a most potent
approach to search for a QGP or whatever else nature reveals at RHIC—i.e., perhaps new
physics beyond QCD.

Some results of our calculations for 100 GeV/nucleon Au colliding with 100 GeV/nucleon Au
single-event central collisions at RHIC. The STAR detector is the most appropriate for our
approach, hence the following calculations were made for it using the geometric acceptance
of the central TPC detector, and particle identification, by de/dx (ionization loss), and the
planned time of flight (TOF) covering the central TPC. Efficiencies for tracking and particle
identification were not included.

Figures 1–4 show the calculated results for a single RHIC::EVENT. The plasma-induced
rapidity bumps in figures 5–8 are based on choosing Rtag ≈ 1.3 fm which leads to the very
modest assumption that only 4.5% of the available energy in a central collision is converted to
QGP (as described in the event generator section RHIC::PLASMA).

† We have chosen the 3 direction in isospin to be the neutral pions.
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dN
/d

η

η

RHIC     All Charged Particles      Au Au

Figure 1. The generated pseudorapidity distribution of all charged particles from a single ‘central’
100 GeV/n Au+Au RHIC::EVENT. The expected central plateau without any evidence of structure
is observed.

Please note that if Rtag were chosen to be ≈2.5 fm, which would lead to ≈15% of the
available energy being converted to QGP, the rapidity bump amplitudes over background would
increase by about a factor of three and the statistics (i.e. number of particles in the rapidity
bump) would increase by about a factor of three (i.e. the bump height relative to the background)
and the number of particles in the bump would scale up approximately as the percentage of
energy converted to QGP (that is increase by the factor (% energy of QGP)/4.5%). The figures
for Rtag ≈ 2.5 fm (figures 9–13) which converts ≈15% of the available energy to QGP show
truly dramatic dn/dη versus η peaks for single ‘central’ events.

10. RHIC::PLASMA—spherical bubbles

(a) The plasma bubble is produced at central rapidity by 100 GeV/n Au colliding with
100 GeV/n Au (results, figures 5–8) in the region with Rtag ≈ 1.3 fm which contains only
approximately 4.5% of the available energy. Even this conservative estimate will, as we can
see from figures 5–8, produce striking signals in these single events.

(b) The plasma bubble is produced at central rapidity where the Rtag ≈ 2.5 fm which
contains ≈15% of the available energy. These assumptions lead to truly dramatic signals for
single events (see figures 9–13).

(c) Figures 14–16 show the pseudorapidity distribution of dET/dNch (average energy
per charged particle) for the three cases considered. The increase in ET for the plasma
bubbles is attributable to the fact that the plasma contains much larger percentages of heavy
hadrons such as protons, antiprotons, and charged kaons, than the cascade (non-plasma events),
and the plasma hadronizes at 170 MeV. These results emerge from the model with no extra
assumptions. We can generate an enormous number of detailed plots of desired quantities,
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dN
/d

η

η

RHIC  Charged π-mesons  Au Au

Figure 2. The generated pseudorapidity distribution of all charged pions from a single ‘central’
100 GeV/n Au + Au RHIC::EVENT. The expected central plateau with no evidence of structure
is observed. Negative pions can be identified approximately by assuming all negative particles are
pions. If one removes kaons and protons (or antiprotons) from a momentum region, what remains
is almost entirely pions.

dN
/d

η

η

RHIC  Charged  K-mesons   Au Au
TOF
dEdX

Figure 3. The generated pseudorapidity distribution for charged K-mesons from a single ‘central’
Au + Au RHIC::EVENT. The STAR identified K-mesons estimated by dE/dX (ionization) and
TOF with the geometric efficiency only for the STAR detector central TPC. A central plateau with
no evidence of structure is observed.
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dN
/d

η

η

RHIC protons and anti-protons Au Au
TOF
dEdX

Figure 4. The generated pseudorapidity distribution for protons and antiprotons from a single
‘central’ Au + Au RHIC::EVENT with STAR dE/dX (ionization) and TOF identification with
the geometric efficiency only for the central TPC shown. A central plateau with no evidence of
structure is observed.

dN
/d

η

η

RHIC     All Charged Particles      Au Au

Figure 5. The generated pseudorapidity distribution of all charged particles from a single
RHIC::PLASMA ‘central’ event. Note the well definedη central peak in contrast to the structureless
result in figure 1 for RHIC::EVENT. The bubble energy was 4.5% of the available energy.
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dN
/d

η

η

RHIC  Charged π-mesons  Au Au

Figure 6. The generated pseudorapidity distribution for all charged pions from a single ‘central’
100 GeV/n Au + Au RHIC::EVENT again showing a well defined central bubble peak. Negative
pions can be identified approximately by assuming all negative particles are pions. If one removes
kaons and protons (or antiprotons) from a momentum region what remains is almost entirely pions.
The bubble energy was 4.5% of the available energy.

dN
/d

η

η

RHIC  Charged  K-mesons   Au Au
TOF
dEdX

Figure 7. The generated pseudorapidity distribution for all charged K-mesons from a single
‘central’ 100 GeV/n Au + Au RHIC::EVENT showing a peak and that TOF can be effective
especially if larger than 4.5% of energy is converted to plasma in some events. The geometric
efficiency only for the central TPC was used. The bubble energy was 4.5% of the available energy.
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dN
/d

η

η

RHIC protons and anti-protons Au Au
TOF
dEdX

Figure 8. The generated pseudorapidity distribution for protons and antiprotons, the geometric
efficiency only for the central TPC was used showing a peak which is well identified by TOF and
to some extent indicated by dE/dX. The bubble energy was 4.5% of the available energy.

dN
/d

η

η

RHIC     All Charged Particles      Au Au

Figure 9. The generated pseudorapidity distribution of all charged particles from a single ‘central’
100 GeV/n Au + Au RHIC::PLASMA event. The height of the bubble peak is about four times
the background level. The bubble energy was ≈15% of the available energy.
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dN
/d

η

η

RHIC  Charged π-mesons  Au Au

Figure 10. The generated pseudorapidity distribution of all charged pions from a single ‘central’
100 GeV/n Au + Au event. The height of the bubble peak is about 3.5 times the background level.
The bubble energy was ≈15% of the available energy.

dN
/d

η

η

RHIC  Charged  K-mesons   Au Au
TOF
dEdX

Figure 11. The pseudorapidity distribution for all charged K-mesons from a single ‘central’
100 GeV/n event, showing a peak about four times the background level. Both the TOF and
dE/dX particle identifications show peaks 2–2.5 times the background level, but the TOF has
much more statistics and detects more energetic particles. The bubble energy was ≈15% of the
available energy.
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dN
/d

η

η

RHIC protons and anti-protons Au Au
TOF
dEdX

Figure 12. The pseudorapidity distribution for all protons and antiprotons from a single ‘central’
100 GeV/n event, showing a peak about four times the background level, but the TOF has much
more statistics and detects more energetic particles. The bubble energy was ≈15% of the available
energy.

dN
/d

η

η

RHIC Longlived Multistrange Hadrons  Au Au

Figure 13. The pseudorapidity distribution for all long-lived multistrange hadrons (�, �−) from
a single ‘central’ 100 GeV/n event, showing a peak level about three times the background level.
The bubble energy was ≈15% of the available energy.
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dE
T
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N
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η

RHIC   ET per Charged Particle   Au Au

Figure 14. The pseudorapidity distribution of dET/dNch (average transverse energy per charged
particle) for all charged particles from a single ‘central’ 100 GeV/n Au + Au RHIC::EVENT (see
figure 1).

dE
T

/d
N

ch

η

RHIC   ET per Charged Particle   Au Au

Figure 15. The pseudorapidity distribution of dET/dNch (average transverse energy per charged
particle) for all charged particles from a single ‘central’ 100 GeV/n Au + Au RHIC::PLASMA
event (see figure 5). The bubble energy was 4.5% of the available energy.
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dE
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ch

η

RHIC   ET per Charged Particle   Au Au

Figure 16. The pseudorapidity distribution of dET/dNch (average transverse energy per charged
particle) for all charged particles from a single ‘central’ 100 GeV/n Au + Au RHIC::PLASMA
event (see figure 9). The bubble energy was ≈15% of the available energy.

but this is obviously not suitable for a publication, so we must be selective. However, when
data are obtained with RHIC we will generate what is needed and relevant to confront our
model, keeping an entirely open mind on the subject, and modifying our approach to the extent
necessary to understand the data. Others may well do the same.

No one can predict what RHIC will reveal with any credible assurance. This paper takes
a different approach and therefore will be of value whether it fits the data or not.

It should be noted that if multiple bubbles are created in a single event, each will result in
rapidity bumps, strangeness, and antibaryon–baryon enhancements etc in the rapidity interval
which corresponds to that bubble. Localized QGP bubble formation probably depends on
a first-order transition; however, it should also be expected that any unusual occurrence in a
local rapidity region which survives to the end state will show up approximately in that rapidity
region in the final single event. Of course, if QGP is made abundantly over large regions of
an event our bubble techniques will become insensitive. But it is considered unlikely this
will occur in all events, and we can study those events where plasma regions (or bubbles) are
localized.

Of course, single events using various selection criteria can be lumped together for
statistical and overall view and analysis reasons. However, in doing this great care must
be taken to avoid introducing unwanted biases in the result.

Finally, these results are to be taken only as an indication of the promise of the possibility
of striking signals of a QGP occurring in single events and being detected in STAR. The
correlations of the pions, kaons, protons and antiprotons, and the detailed characteristics of
the events will, of course, be important. Our approach and ideas will, of course, change as
detailed data are obtained and analysed. We will keep an open mind as the observations come
in.
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It is important to note that various energies and various beam nuclei from Au + Au down
to p + p will be used and these results will impact on any final conclusion. Furthermore, it
is not necessary to explain every observation. Finding striking and unusual events some of
the time could well lead to the establishment of a QGP if it naturally explains them and no
viable alternate explanation is found, and there is no contradiction of the QGP evidence by
other characteristics of the data.

The event generator VNI [27] will also be used in future work. VNI is a Monte Carlo
event generator for leptons, hadron and nucleus collisions on each other. It uses the real-time
evolution of parton cascades in conjunction with a self-consistent hadronization scheme, as
well as the development of hadron cascades after hadronization. The parton cascading in
nucleus–nucleus collisions leads to spacetime regions of high-energy density. These regions
can become the source of plasma bubbles like the ones described above. In the future we
plan to use VNI as a source of bubble production. However, we must address the problem of
how to determine or estimate the energy transmitted to the bubble by nonperturbative QCD
interactions. VNI will place the bubble in a hadronic final state which could give a realistic
transport of its emitted hadrons to the final detection of plasma signals.

New unexpected phenomena beyond QCD could be observed if they occur at RHIC, and
in that event we plan to use our own and newly developed event generators to investigate them.
It is interesting to note that a recently proposed bubble phenomenon [28, 29] as described
below can be investigated with our techniques and generators. Any assumptions about STAR
performance, such as dE/dX, planned TOF performance etc are to be considered only as our
personal estimates for the purpose of comparison with our event generator predictions.

11. Odd-CP bubbles of metastable vacuum

Kharzeev and Pisarski [28] expect that bubbles of metastable vacua with odd CP will induce
a net flow of pion charge. This flow can be modelled with a parallel chromo-electric and
magnetic field. A quark travelling in this field will drift up in a spiral, while an antiquark
will drift down. These added impulses will end up in positive charged pions travelling up and
negative charged pions travelling down. Kharzeev [29] has estimated an average impulse of
30 MeV/c for a quark crossing the diameter of the bubble.

If we place the electric 	E and the magnetic 	B field along the x-axis, then we can write the
added impulse for positive pions (π+) as vector equations

P ′
px = Ppx + PE

P ′
py = Ppy − PBPpz

PpTOT

P ′
pz = Ppz +

PBPpy

PpTOT
,

(3)

where 	P ′
p is the charged π+ momentum, 	Pp is the π+ momentum without the added effect

and PpTOT is the magnitude of the momentum 	Pp. PE is the impulse which comes from the
electric field acting, while PB comes from the magnetic field. Vector equations for negative
pions (π−) are

P ′
mx = Pmx − PE

P ′
my = Pmy +

PBPmz

PmTOT

P ′
mz = Pmz − PBPmy

PmTOT
,

(4)
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where p for positive has been replaced by m for minus. The sign of the impulse has also
changed.

We will model the added impulse by assuming that we start with a bubble of radius r0 that
has quarks uniformly distributed inside the bubble.

The point P of the quark inside the bubble is given by

xp = rp sin θp cosφp
yp = rp sin θp sin φp
zp = rp cos θp,

(5)

where xp, yp, and zp are the Cartesian coordinates and rp, θp, and φp are the spherical
coordinates. From this point P the quark travels in a line given by its momentum

x = Px

Pz
(z− zp) + xp

y = Py

Pz
(z− zp) + yp

(6)

wherePx , Py , andPz are the momentum components of the quark. The quark will pass through
the surface of the bubble when

r2
0 = x2 + y2 + z2. (7)

We now substitute (4) into (5):

r2
0 =

(
Px

Pz
(z− zp) + xp

)2

+

(
Py

Pz
(z− zp) + yp

)2

+ z2. (8)

Equation (6) can be rewritten in quadratic form using z′:(
P 2
x

P 2
z

+
P 2
y

P 2
z

+ 1

)
(z′)2 + 2

(
Pxxp

Pz
+
Pyyp

Pz
+ zp

)
(z′) + r2

p − r2
0 = 0, (9)

where z′ = z− zp.
Using vector notation equation (7) becomes

P 2
p

P 2
z

(z′)2 +
2

Pz
( 	Pp · 	rp)(z′)− (r2

0 − r2
p) = 0. (10)

Thus we have two solutions:

z′ = z− zp =
( 	Pp · 	rp)±

√
( 	Pp · 	rp)2 + P 2

p (r
2
0 − r2

p)

P 2
p

, (11)

because a line strikes a sphere twice when passing through it.
The distance the quark travels is given by

dist =
√
(x − xp)2 + (y − yp)2 + (z− zp)2. (12)

Using equation (4), the distance equation (10) becomes

dist =
√
P 2
x

P 2
z

+
P 2
y

P 2
z

+
P 2
z

P 2
z

|(z− zp)| (13)

or

dist = Pp

|Pz| |(z− zp)|.
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Plugging (9) into (11), we obtain

dist =
∣∣∣∣∣∣
( 	Pp · 	rp)±

√
	Pp · 	rp + P 2

p (r
2
0 − r2

p)

Pp

∣∣∣∣∣∣ . (14)

Spherical coordinate system (3) makes equation (12) look very simple:

dist = rp(sin θ sin θp(cosφ cosφp + sin φ sin φp) + cos θ cos θp)

±
√
r2
p(sin θ sin θp(cosφ cosφp + sin φ sin φp) + cos θ cos θp)2 + r2

0 − r2
p

(15)

where θ and φ are the angles of the momentum vector 	Pp, θp and φp are the angles of the point
P with rp being the radius of the point and r0 the radius of the bubble.

We now want to obtain the distribution of dist taking both solutions for every point P ,
when the points are uniformly placed inside the bubble. The easiest way to do this calculation
is using Monte Carlo methods. Such a numerical method leads to

dN

ddist
∝ cos

(
πdist

4r0

)
. (16)

The impulse that the quark gets is directly proportional to the distance. Since 2r0 is the
maximum distance, we can set the maximum impulse ()Pmax) equal to this value and easily
write down the impulse distribution

dN

d)P
∝ cos

(
π)P

2)Pmax

)
. (17)

In equations (3) and (4) the value of PE and PB can be chosen by picking a random number R
between zero and one and calculating

)P = )Pmax = 2)Pmax

π
cos−1(R). (18)

The next aspect in bubble simulation is the kinematics of the pions produced by the
bubble. Gyulassy [30] suggested that jet fragmentation would show that these added impulse
to their pions. Studies of changes of jet fragmentation in heavy ion events are already
underway [31]. For this simulation we consider bubble kinematics that would arise from a chiral
low-temperature bubble or a bubble that produced pions which look very much like the regular
pions of a heavy ion event. A set of programs using the event generator RHIC::PLASMA is
used to simulate bubbles that have imparted impulses given by equation (16).

Chiral bubbles are spherically symmetric distributions of pions having a Boltzmann energy
spectrum of 70 MeV temperature. The chromo E and B field is randomly assumed in any
direction. The E field gives a impulse to π+ along its direction, while the π− impulse is
opposite to its direction. The impulse of the B field is at right angles to the direction, where
the example of B and E along the x-axis is given by equations (1) and (2).

Besides a low-temperature chiral bubble, let us consider a higher-temperature bubble
which expands in the longitudinal beam direction. The net result leads to a bubble which
blends into the regular background of RHIC::EVENT.

The program generates a bubble by a regional tagging scheme which takes particles from
the initial RHIC::EVENT collision and converts the energy into a bubble. The tagging region
is defined as a circular cross sectional area located within the centre of the overlap region
with radius Rtag. The bubble has an initial energy, where its rest frame is given by the total
momentum energy four-vector of the sum of the tagged particles that are used to create the
bubble.
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12. Summary and conclusions

In this paper we have discussed a possible way that striking signals for a QGP could be generated
at RHIC and detected. We have extended and generalized the original scenario proposed by
Van Hove [5, 6], by developing a detailed model with associated event generators to explore
this scenario. Some of the results have been presented here.

If QGP bubbles or localized rapidity regions of QGP are created in some of the RHIC
collisions (probably most likely for highest-energy Au on Au), and the characteristics of their
hadron emissions preserved, at least substantially in part of the events final state, we have
shown that reasonable event generators that we developed can provide striking signals in
individual events, even under the modest assumption that only 4.5% of the available energy
(corresponding to the available energy for plasma formation generated in a central collision
contained within a radius of about 1.3 fm) forms the QGP bubble. If larger amounts of the
available energy form a QGP bubble (or a localized rapidity region) the signals will scale with
the QGP energy, and could become truly dramatic (see figures 9–13).

We considered how the STAR detector, for example, might observe some of these modest
4.5% of the available energy QGP signals (figures 5–8). If we assume ≈15% of the available
energy is converted to plasma, we obtain truly dramatic signals (see figures 9–13) and indicate
how the STAR detector might observe some of these.

No one can predict what RHIC will reveal with any credible assurances. However, when
data are obtained with RHIC we will generate what is needed and relevant to confront our
model, keep an entirely open mind on the subject and modify our approach to the extent
necessary to understand the data; others may well do the same.

This paper and the event generators we have developed take a different approach, and
therefore will be of value whether it can explain characteristics of the data or not.

Finally, it should be noted that our RHIC::EVENT and RHIC::PLASMA generators can be
used to investigate ‘odd-CP bubbles’ and can probably be adapted to many new investigations.
We have also discussed how the VNI event generator could be applied to QGP formation.
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